The gigantic extracellular hemoglobins of annelid worms have two unique features: (i) images seen by electron microscopy reveal a two-layered hexagonal structure (1, 2) and (ii) the heme content is much lower than in other Hbs (3) . The Hb of the earthworm Lumbricus terrestris has approximately 200 chains in a 4000-kDa assemblage (4) . X-ray crystallography (5) combined with high resolution electron microscopy (6) is hoped soon to provide a detailed structure. The Hb has four major globin chains, a, b, and c, which form a disulfide-linked trimer, and chain d. The amino acid sequences of chains a, b, and c, together with the disulfide connectivities, have been determined (7) . The sequence of chain d reported by Shishikura et al. (8) was not consistent with the results of mass spectrometry (4) and has been redetermined (9) . Additional heme-deficient "linker" chains of 24 -32 kDa, denoted L, are required for assembly of the native Hb (10) . The amino acid sequences of the three major linker chains, L1 (11) , L2, and L3, and one minor chain, L4, have also been determined by cDNA analysis. 1 How much of the low heme content is the result of loss in vitro through experimental manipulation (or experimental error) and how much is intrinsic because of the presence of structural linker chains that do not bind heme has been controversial (3) . If linker chains bound no heme, then determination of maximal heme content would be straightforward provided that the stoichiometry were known. Densitometry of Coomassie Blue-stained SDS gels (10, (12) (13) (14) suggested that the weight fraction of linkers is 0.33-0.36, a questionable amount because such staining is known to differ greatly with different proteins (15, 16) . The proportions of linker chains in the molecule have been determined by reverse-phase high performance liquid chromatography (HPLC) 2 which resolved all components including the dissociated hemin (4) . The results give a molar ratio of the sum of chains a, b, c, and d to linkers of 8:1, corresponding to a minimal stoichiometric unit of (abcd) 2 L (4). These results have been criticized because linker chains might be selectively removed by the HPLC column and thus result in misleadingly low values for linker chain content. However, rechromatography of the pooled, eluted fractions showed that such selective removal did not occur, because the proportions were unchanged with the column used (4) .
Two goals of the present studies have been to remeasure the stoichiometry by SDS capillary electrophoresis of dissociated subunits and to determine whether isolated linker chains contain heme. We have also redetermined the heme content of the intact Hb to resolve the wide variation in previously measured values (3) . These discrepancies might be attributed to oxidation which would enhance the rate of heme loss. Therefore, we have measured the rate of autoxidation and of hemin loss from intact L. terrestris Hb and its isolated subunits.
MATERIALS AND METHODS

Preparation-L. terrestris
Hb was prepared essentially as described previously (4) . All steps were performed at 0 -4°C in CO-saturated 5 mM sodium phosphate buffer, 50 mM NaCl, 1 mM EDTA, pH 7.0. Pro-tease inhibitors were used as described previously (4) . Cellular debris was removed by centrifugation at 10,000 ϫ g for 15 min. The clear Hb-containing supernatant was precipitated with 10% polyethylene glycol (molecular weight, ϳ8000) overnight. The polyethylene glycol was removed by pelleting the Hb at 200,000 ϫ g for 90 min, resuspending the Hb in polyethylene glycol-free buffer, and pelleting again. The Hb was then passed through a column (5 cm ϫ 88 cm) of Sephacryl HRS-200 (Pharmacia Biotech Inc.) with the same buffer. The final HbCO solution was exhaustively dialyzed against 400 volumes (five changes over 6 days) of CO-saturated 5 mM sodium phosphate, 1 mM EDTA, pH 7.0, prepared with high purity deionized water. A final solution of 2.4 ml at a nominal concentration of Ϸ3.6 mg/ml was used in all heme, dry weight, and amino acid analyses.
Heme Content-Heme was measured by the alkaline hematin "AHD" method with the use of a millimolar extinction coefficient of 6.960 Ϯ 0.046 (mM Ϫ1 cm
Ϫ1
) at 575 nm for the hematin product (17) . This method was compared with the CN-metHb method (18) with an extinction coefficient for human CN-metHb of 10.99 mM Ϫ1 cm Ϫ1 at 540 nm (heme basis) (18) . The two methods agreed to within 1% for both human HbO 2 and L. terrestris HbCO. The average of two dilutions in the AHD method gave 0.1642 mM heme for the L. terrestris HbCO sample. The dilutions were made with two Pipetmen (20 and 200 l) calibrated by weighing various amounts of water delivered by the instruments.
Dry Weight-Great care was exercised at every step of the dry weight determination. The exhaustively dialyzed HbCO together with the dialyzing buffer were shipped on wet ice to the laboratory of Dr. Y. Nozaki, Durham, NC. The dry weight measurements followed an ultramicro method 3 developed from the previous dry weight technique (19) . Five zirconium drying vessels (ϳ20 mg) were cleaned, dried first in air and then in vacuo at 107 Ϯ 1°C. Two were used for the undiluted HbCO sample and three for an aliquot diluted 3.075-fold by weight. Four aliquots of the dialysate were also dried and weighed. The total salt concentration in the final dialyzing buffer was found to be 1.0004 Ϯ 0.0056 mg/g or 0.9983 mg/ml. This is very close to the calculated value of 1.004 mg/ml for the sum of all components. Consideration was given to the possibility that the salt and buffer ion concentrations were too low to eliminate a discrepancy arising from the Donnan equilibrium effect. The known amino acid sequences of all chains (7-9, 11) (see footnote 1) along with their stoichiometry (4) enabled us to estimate the approximate number of charges on a molecule of HbCO at pH 7. We assumed that all Lys, Arg, Glu, and Asp residues were ionized and that half the His residues were ionized. On this basis, the Donnan contribution to the salt concentration was calculated to be less than 1% and was ignored. The gravimetrically determined grams protein per gram of solution was converted to grams protein/ml by using the density of 0.9979 g/ml measured for the dialysate at 24.4°C.
Capillary Gel Electrophoresis-A Beckman P/ACE 5000 instrument of the Protein Microanalysis Facility at the University of Texas was used with the eCAP SDS 14 -200 or eCAP SDS 200 kits supplied by Beckman Instruments. The first set of three analyses used a short capillary (100 m ϫ ϳ38 cm) and a stock solution of unreduced Hb (Ϸ10 mg/ml) in 0.1 M sodium phosphate, pH 7.4, 1 mM EDTA, 10% polyethylene glycol. All runs were made at 20°C in 1% SDS. Eight analyses were performed with a 100 m ϫ ϳ57-cm column with a stock solution of 10 mg/ml Hb in 25 mM bis-tris propane of pH 7.0, 0.1 M NaCl, 10 mM CaCl 2 . Four of the last eight samples were boiled, and four were not boiled; the results of all 11 analyses were averaged. The values for the area fractions obtained by the Beckman software were found to be within 2.5% of values obtained by cutting out and weighing the paper corresponding to the peaks. Capillary electrophoresis was also performed with 25 mM Tris, 192 mM glycine, pH 8.6 (at 15°C) without SDS with the capillaries maintained at 15°C. This procedure was used for the experiments shown in Fig. 3 .
Preparative Native Gel Electrophoresis-A 15% polyacrylamide gel was prepared in 0.38 M Tris buffer at pH 8. SDS-Gel Electrophoresis-A 12% acrylamide gel was prepared in 0.38 M Tris at pH 8.8 containing 0.1% SDS. The running buffer was 25 mM Tris, 192 mM glycine, pH 8.3, with 0.1% SDS. The sample was loaded with 62.5 mM Tris, pH 6.8, 2% SDS and 10% glycerol. Samples were boiled 1-3 min before loading.
Rate of Autoxidation-The time courses for autoxidation were measured essentially as described by Brantley et al. (20) . The measurements were made for almost 2 days in the presence of 3 mmol each of catalase and superoxide dismutase per mol of Hb heme, in 0.15 M phosphate, 0.45 M sucrose, pH 7.0, 20°C. These conditions were chosen to correspond to those used in the hemin loss measurements.
Hemin Dissociation-Rates of hemin loss from oxidized L. terrestris Hb and its subunits were measured as described by Hargrove et al. (21) . Large absorbance changes occur at 600 nm when hemin is taken up from ferric hemoglobin by an excess of sperm whale H64Y/V68F apomyoglobin which has a much higher affinity for the prosthetic group than the Hb. Ferrous samples of hemoglobin were oxidized with an excess of ferricyanide, gel-filtered on a small Sephadex G25 column, and diluted to ϳ6 M (heme). Then an excess of H64Y/V68F apomyoglobin was added. The reaction buffer was 0.15 M phosphate, 0.45 M sucrose, pH 7.0. This concentration of sucrose was found to inhibit the precipitation of apomyoglobin or human globin without a significant effect on the rate of hemin loss (21) .
Amino Acid Analyses-Analyses were performed with an Applied Biosystems model 420A-3 Derivitizer-Analyzer at the Protein Microanalysis Facility at the University of Texas. The automated hydrolysis option was not used because it gave much poorer results than careful manual hydrolysis. All dilutions were made by weight. The final application of a sample to the fritted disc of the instrument was made with a calibrated Pipetman. Initial tests were made with human HbA o (major component) which had been purified as HbCO by DEAE-cellulose chromatography. The concentration of Hb was determined by the alkaline hematin method (ADH) (17) . Initial analyses of the mass of the sample of L. terrestris Hb showed only about 80 -85% recovery on the basis that the hemin measurement would provide the correct total mass when the previously determined stoichiometry (4) and 192 hemes/molecule were assumed. We found that the low yield did not depend on these assumptions but on the hydrolysis conditions. The yield could be greatly increased by the inclusion of thioglycolic acid (22) . The hydrolysis was carried out for 24 h in 6 N HCl with 0.05% phenol and 3% thioglycolic acid. A Pierce Chemical Co. no. 20088H standard amino acid mixture (given as 2.5 Ϯ 0.1 mol/ml in 0.1 N HCl) was used for calibration. The Pierce standards are analyzed for the Pierce Chemical Co. by Hazelton Laboratories with a Beckman model 7300 amino acid analyzer with ninhydrin post-column derivitization calibrated with Beckman amino acid standards. 4 The Pierce standards were compared by us with amino acid Standard Reference Material 2389, from the National Institute of Standards and Technology (NIST). The mean total mass of the NIST standard mixture (six analyses) recovered was 2.9% higher than expected from the NIST specifications when the Pierce standards were used as standards. This is well within the mean uncertainty of 3.59 Ϯ 0.41% specified for the individual amino acids by NIST.
Heme was not removed prior to hydrolysis because the additional steps required for its removal appeared likely to involve additional loss of protein. The results indicate that the presence of iron released from the hemin had no detectable effect on the total mass of protein recovered. Possible effects of iron on the recovery of individual amino acids was not investigated.
RESULTS AND DISCUSSION
Stoichiometry-SDS-capillary electrophoresis (CE) completely resolves the globin subunits (abc trimer (T) and chain d ("monomer")) and separates them from linkers. Fig. 1 shows the pattern obtained from one of the 11 experiments. The mean proportions from 11 experiments, determined from the integrated absorbances at 214 nm, are given in Table I together with previous estimates of proportions obtained by both HPLC and Coomassie Blue-stained gels. The CE and HPLC results agree closely with each other and with values predicted on the basis of the proposed (abcd) 2 L stoichiometry (4). The data provide no support for the earlier Coomassie Blue-based conclusion that linker chains comprise 33-36% of the total mass (10, (12) (13) (14) . Examination of the Coomassie Blue-derived values for the polypeptide mass ratio of abc trimer (T) to chain d is revealing. The polypeptide weight ratio, T/d, is known to be close to 3.19 from amino acid sequence analysis (4). The CE data give a mean T/d ratio of 3.22 which is within 1% of the sequence-based value. However, the T/d ratio from Coomassie Blue staining (Table I) varies from 1.6 to 2.7, or 16 -49% lower than expected. This variation, by itself, is sufficient to show that quantification with Coomassie Blue can give erroneous results.
Approximate molecular masses of linkers can be estimated from Fig. 1 by using internal calibration with the known masses of the abc trimer and chain d. These CE-derived molecular masses permit identification of peaks 1-3 in Fig. 1 by comparison with known values determined by mass spectrometry (4). The mean apparent masses from the 11 sets of data are given in Table II (Table II , column a). The conclusions of the time (24) were that molecular masses are more accurately determined by SDS-electrophoresis of completely reduced proteins. However, Fig. 1 that is larger than the abc trimer (peaks 4 and 5) has been deduced as follows: (i) the T/d ratio of 3.22 (see Table I , column 1), within 1% of the stoichiometric value of 3.19, confirms that we should consider as linkers all material not identified as either chain d or abc trimer. (ii) Linker chains L1, L2, and L3 have previously been shown to be present in equal or nearly equal molar proportions (4) yet peaks 1 and 2 (L3, L1) in Fig. 1 are very small relative to peak 3 (L2). (iii) The masses associated with peaks 4 and 5 are similar to those expected respectively, for (L3) 3 and (L1) 4 . If peaks 4 and 5 are identified in this way, then the molar ratios of L1, L2, and L3 can be calculated from the CE experiments to be 1.00, 1.09, and 0.93.
Data from sedimentation equilibrium studies together with more recent light scattering observations (see the companion study (25) ) show that the molecular mass of L. terrestris Hb is close to 4.1 MDa. The total associated carbohydrate is approximately 119,000 Da (4, 11) (see footnote 1), and the heme content is calculated to be 118,368 Da (192 ϫ 616.5; see the following section). Therefore, the total polypeptide mass of the linkers can be calculated to be about 648,900 Da/mole of hemoglobin ((4,100,000 Ϫ 119,000 Ϫ 192 ϫ 616.5) ϫ 0.168; see Tables I and II . The linker chain proportion, 0.168, is the average of the HPLC and CE results in Table I ). The mean molecular mass of polypeptides L1, L2, and L3 is 27,067 Da (Table III) from which the number of linker chains per molecule can be calculated to be 23.9 (648,900/27,067), in agreement with the previous determination (4) and consistent with 24 linker chains per molecule. Even a 50% variation in carbohydrate content will not alter the conclusion that 24 linker chains per molecule are present.
The appearance of linker-containing aggregates with masses greater than that of the abc trimer is evident in many previous studies of annelid Hbs. It is revealing that the SDS gels of the very similar Hb of Eisena fetida (26) show that the linker chain bands between chain d and trimer disappear upon storage and are replaced by a corresponding appearance of bands larger than the trimer. Both linker chains of the Hb of Tylorrhynchus heterochaetus appear as dimers in SDS gels (27) has been shown chemically to form a disulfide-linked dimer. 5 The disappearance of L3 as a ϳ24 kDa peak in eight of the 11 CE patterns may be attributed in part to the fact that it is the only linker chain with a free -SH group as monomer. 1 Previous stoichiometric analysis (4) showed that L1, L2, and L3 are heterogeneous. Fig. 2 provides an improved high resolution HPLC pattern which indicates the positions of linker chains L1, L2, L3, a, b, c, and L4. At least three more components are marked by arrows, giving a total of at least nine possible components. We have identified the position of linker L4 on the basis of mass spectrometry. 6 This linker is a minor fraction recently characterized by Fushitani et al. (28) and sequenced via cDNA by Kao and Riggs. 1 The sequence is closely related to L3. It is obvious that one cannot expect to include all these linkers as constituents of each Hb molecule. Some of them must be considered as interchangeable alternatives, either as alleles or polymorphs. SDS gel electrophoresis reveals that all linker constituents can be grouped into three classes according to molecular mass: L1 (26 -28 kDa), L2 (32-33 kDa), and L3 (24 -25 kDa); L4 is included in the L3 class. The apparent molar ratios from two HPLC patterns for L1:L2:(L3 ϩ L4) is 1.2:0.9:0.9. Whether members of each of these classes are necessary for assembly has not been determined. However, at least two are likely to be required because SDS-electrophoretic patterns from all extracellular Hbs of annelids show two or more linkers.
Two different d chains are evident in Fig. 2 : d 1 (78%) and d 2 (22%). The cDNA-derived amino acid sequences of both have been obtained (9) . No experiments have yet been performed to determine whether each has a unique role.
The major trimer fraction (fraction 11 in Fig. 2 ) contains a minor component that migrates electrophoretically with the linkers (see inset to Fig. 2, lane 11) , suggesting that it might be a linker chain that binds to the trimer or co-chromatographs with it. However, it does not correspond electrophoretically to any known linker. Furthermore, isolation of a component in this position from another HPLC run (data not shown) followed by SDS-polyacrylamide gel electrophoresis in the presence of mercaptoethanol shows two chains of apparent masses 18.6 and 16.1 kDa that correspond closely to the masses of chains a and b, respectively. 7 Reduction of the trimer yielded SDS-based apparent masses of 19.0, 17.2, and 16.3 kDa corresponding to chains a, c, and b. We conclude that the apparent linker chain is actually an ab dimer. Inclusion of the ab dimer with the linkers would increase the apparent quantity of linkers by 24% on the basis of 220 nm absorbance. In addition, Coomassie Blue has been shown to overestimate the quantity of the linker chains by about 60% (4). The combined effect of ab dimer inclusion and the use of Coomassie Blue would be sufficient to account for the apparent proportion of linkers, 33-36%, observed by Vinogradov et al. (10, (12) (13) (14) in SDS gels: 0.17 (our determination) ϫ 1.24 ϫ 1.60 ϭ 0.34. Analysis by SDS-electrophoresis of the sample of HbCO used in the capillary electrophoresis ( Fig. 1 and Table I ) does not reveal any significant apparent ab dimer, so the stoichiometric results in Table I are not affected (data not shown).
Heme Content-Do linkers bind heme? The conclusion that the stoichiometry is (abcd) 2 L implies that the calculation of heme content hinges on whether the linkers bind any heme because the globin chains a, b, c, and d each bind heme. If the linkers do not bind heme, then the maximal heme content is determined. We have isolated linker chains by native gel electrophoresis followed by capillary electrophoresis monitored at both 214 and 415 nm (Fig. 3) . Gel electrophoresis at pH 8.9 (4°C) shows that five distinct bands can be identified: abc trimer, L2, L1, L3 ϩ d 2 , and d 1 . The linker bands L1, L2, and L3 show no absorbance at 415 nm in the CE pattern. All 415-nm absorbance associated with the electrophoretic band containing L3 is contributed by d 2 . We do not know why L1, L2, and L3 have different electrophoretic mobilities in gel, but not capillary, electrophoresis. Additional CE experiments with a 5-fold higher concentration of L1 and L2 showed no evidence of any absorbance at 415 nm (data not shown). We conclude that the linkers do not bind heme under conditions where heme is not lost by the globin chains. The percent heme can be calculated from the known masses of the constituents given by Ownby et al. (4) combined with the cDNA-derived amino acid sequences of d 1 and d 2 (9) and L2 and L3.
1 L4 elutes in the HPLC close to L1 and so was included with L1 in the original analysis in Ownby et al. (4) . The calculated heme content is 2.97% on a polypeptide basis, not including any carbohydrate. Comparison of sequence-derived masses with those from mass spectrometry (4) shows that chain a has a maximal additional mass of 1861 Da due to the presence of carbohydrate (see Table  III ). Linkers L1 and L2 have maximal additional masses of 1881 and 1811 Da (4, see footnote 1). Chains b, c, d, and L3 do not appear to contain any carbohydrate. The calculated heme content on the basis of these data and with the assumption of the (abcd) 2 L stoichiometry is 2.88% (w/w). This calculation is given in Table IV . Aliquots of a single solution of HbCO were used for measurement of heme content, amino acid analysis and dry weight determination. Use of the alkaline hematin method (17) gave 0.1642 mM in heme. The (abcd) 2 L stoichiometry given in the bottom line of Table III predicts that this solution should contain 3.51 mg protein/ml, i.e. 0.1642 ϫ 10 Ϫ3 ϫ 4,104,672/192. Five dry weight determinations of this solution gave a mean of 3.530 Ϯ 0.022 mg/ml. This close correspondence is supported by four amino acid analyses. Cystine, tryptophan, glycine and lysine were not included in the analyses. Comparison of the compositions obtained with those expected on the basis of the known sequences showed an excess of 50 -60% of glycine and only half the expected lysine, so these residues were excluded. In addition, a small correction was applied for the conversion of glutamine and asparagine to the acids. The results show that the mean recovery for the remaining amino acids is 2.53 Ϯ 0.10 mg/ml (four analyses) compared with 2.55 Ϯ 0.03 mg/ml expected on the basis of the alkaline hematin assay and assumption of the (abcd) 2 L stoichiometry. Thus the apparent yield was 99 Ϯ 4%. In summary, both the dry weight and amino acid analysis determinations are completely consistent within experimental error with the amount of protein calculated from the measured hematin and the proposed stoichiometry. It must be emphasized that this close agreement depends critically on two factors: 1) the thermal stability of the protein which made possible special drying procedures (19) (see footnote 3) for the dry weight determination and 2) the use of thioglycolic acid in the amino acid analyses. We speculate that the reason that thioglycolic acid was required for L. terrestris Hb but not for human Hb may be the high content of disulfide bonds in L. terrestris Hb: 400 per molecule or about two per heme. No disulfide bonds occur in human Hb. If, as previously suggested (4), one-third of the linkers have heme, the Hb molecule would contain 200 hemes rather than 192, and the heme content would increase to 3.00%, a value which is a significant 4.5% higher than the present results. The earlier estimate was based on the analysis of a gel filtration chromatogram with the im- plicit assumption that the trimer and chain d peaks were completely free of linkers, but SDS gel electrophoresis and HPLC analysis showed that traces of linkers were present. Gibson et al. (29) reported the CO-and NO-binding kinetics of a heme-containing "linker fraction" that was prepared from the dissociation of Hb in CO-saturated 0.1 M borate, pH 9.8, 1 mM EDTA. However, this fraction appears not to have been characterized and it is unclear what polypeptide is actually binding the heme. Mainwaring et al. (12) mention a similar gel filtration at pH 9.5 and state that SDS electrophoresis of the fractions (data not given) shows that one peak, c, has 415-nm absorbance and is "D 2 " (now identified as L2). The reference given for this method (30) , however, describes gel filtration and SDS-polyacrylamide gels that show that all linker fractions are contaminated with globin subunits. We believe that the fraction examined by Gibson et al. contained abc trimer and that this is what was actually being studied in the kinetic measurements. This conclusion is supported by the values for the firstorder rates and amplitudes reported (29) for CO and NO geminate recombination with the "linker" fraction which are virtually identical to those for the trimer.
How does the present determination of 2.88% heme compare with the determinations by others? Most prior determinations have depended either on the pyridine hemochromogen method of de Duve (31) for heme or the 1,10-phenanthroline method for iron (32) . Shlom and Vinogradov (23) used the pyridine hemochromogen method (31) to obtain a value of 2.78 Ϯ 0.14% heme, but later measurements (33) with the 1,10-phenanthroline method gave 0.230 Ϯ 0.007% iron (ϭ2.54 Ϯ 0.08% heme). The higher apparent precision of the phenanthroline measurements led to the conclusion (3) that it was also more accurate. 8 However, human Hb was also analyzed with 1,10-phenanthroline at the same time as the L. terrestris experiments were performed (33) . The iron content of human Hb was given as 0.311 Ϯ 0.0013% (ϭ3.43% heme), but this is about 10% lower than the value expected on the basis of the known sequences: 3.83%. If the human Hb result is regarded as a calibrant of the procedure, then the phenanthroline-based heme content of L. terrestris Hb rises to 2.84% (2.54 ϫ 3.83/3.43). These comparisons are summarized in Table IV . It is noteworthy that the values obtained by pyridine hemochromogen and by 1,10-phenanthroline (after correction) agree to within 3% with the value calculated from the (abcd) 2 L stoichiometry, providing further support for this stoichiometry. Color development with 1,10-phenanthroline depends on the reduction of ferric iron with hydroxylamine; an insufficient excess of this reagent might be responsible for low iron values.
Autoxidation-The rates of autoxidation of L. terrestris Hb and its subunits have been measured at 20°C in 0.15 M phosphate, 0.45 M sucrose (Table V) . Neither the intact Hb nor chain d showed significant autoxidation over a period of two days, whereas chains a and b showed substantial autoxidation with rate constants of 0.37 and 0.46 h Ϫ1 , respectively. The rate of autoxidation of chain c was an order of magnitude lower, with a constant of 0.042 h Ϫ1 . These results are consistent with the earlier observation that both chains d and c are sufficiently stable for O 2 -binding measurements at 15°C but that chains a and b autoxidized too rapidly for ligand-binding equilibria (34) . No O 2 -binding equilibria for subunits were feasible at 20°C because of rapid autoxidation (34 Hemin Dissociation-Although the rate of autoxidation of intact L. terrestris Hb is small, once oxidized, hemin loss from the intact protein is rapid, even at 15°C and pH 7.0 (Fig. 4 , Table VI Table VI , the absolute values of these rate constants are similar to those of the ␣ and ␤ subunits in human methemoglobin tetramers obtained, however, at 37°C. The time courses for hemin loss from trimer and intact L. terrestris Hb are roughly the sum of those for the individual subunit components.
We show in a companion study (25) that oxidation of the heme groups enhances the dissociation of subunits from L. terrestris Hb. The coupled processes of autoxidation, hemin loss, and dissociation of subunits can account for the wide variation in the values reported for molecular mass and iron content. Cooperative interactions between the subunits could amplify these discrepancies because a small amount of oxidation could cause a disproportionate loss of subunits, a decrease in molecular mass, and a loss of heme. These processes appear to be widespread because a similar coupling occurs between hemin loss and dissociation of subunits of human Hb (37) .
